Abstract: Male-sterile (S) cytoplasm of onion is an alien cytoplasm introgressed into onion in antiquity and is widely used for hybrid seed production. Owing to the biennial generation time of onion, classical crossing takes at least 4 years to classify cytoplasms as S or normal (N) male-fertile. Molecular markers in the organellar DNAs that distinguish N and S cytoplasms are useful to reduce the time required to classify onion cytoplasms. In this research, we completed next-generation sequencing of the chloroplast DNAs of N-and S-cytoplasmic onions; we assembled and annotated the genomes in addition to identifying polymorphisms that distinguish these cytoplasms. The sizes (153 538 and 153 355 base pairs) and GC contents (36.8%) were very similar for the chloroplast DNAs of N and S cytoplasms, respectively, as expected given their close phylogenetic relationship. The size difference was primarily due to small indels in intergenic regions and a deletion in the accD gene of N-cytoplasmic onion. The structures of the onion chloroplast DNAs were similar to those of most land plants with large and small single copy regions separated by inverted repeats. Twenty-eight single nucleotide polymorphisms, two polymorphic restriction-enzyme sites, and one indel distributed across 20 chloroplast genes in the large and small single copy regions were selected and validated using diverse onion populations previously classified as N or S cytoplasmic using restriction fragment length polymorphisms. Although cytoplasmic male sterility is likely associated with the mitochondrial DNA, maternal transmission of the mitochondrial and chloroplast DNAs allows for polymorphisms in either genome to be useful for classifying onion cytoplasms to aid the development of hybrid onion cultivars.
Introduction
Onion (Allium cepa L.) is a member of the family Alliaceae in the order Asparagales, a large monophyletic group within the monocots. Within the Asparagales, the Alliaceae has been assigned to the "core" Asparagales, a monophyletic group that also includes the Asparagaceae (asparagus), Amaryllidaceae (amaryllids), Agavaceae (yucca and agave), among others (Pires et al. 2006 ). Basal to the core Asparagales are families such as the Iridaceae (irises) and Orchidaceae (orchids). These phylogenetic relationships have been supported by sequencing of specific chloroplast genes and intergenic spacers (Pires et al. 2006; APGIII 2009) , as well as next-generation sequencing of genomic DNAs (Steele et al. 2012) .
Restriction enzyme analyses of the chloroplast DNA of onion revealed polymorphisms distinguishing normal (N) male-fertile cytoplasm from the primary source of cytoplasmic male sterility (CMS) used to produce hybrid seed (Havey 1993 (Havey , 2000 . In the 1920s, Jones and colleagues identified a single male-sterile onion plant in the open-pollinated population 'Italian Red' (Jones and Emsweller 1937) . This source of male-sterile (S) cytoplasm likely originates from an alien cytoplasm introgressed into onion populations in antiquity (Havey 1993; Bark and Havey 1995) . In a classic publication, Jones and Clarke (1943) demonstrated that male sterility results from the interaction of S cytoplasm and the homozygous recessive genotype at one nuclear male-fertility restoration (Ms) locus. A dominant allele at Ms in an S-cytoplasmic plant results in male fertility. Plants possessing N cytoplasm are always male-fertile regardless of the genotype at Ms.
Owing to the biennial generation time of onion, classical crossing takes from 4 to 8 years to establish the cytoplasm of individual onion plants (Havey 1993) . Cytoplasmic determinations in onion have been greatly simplified by molecular markers in the mitochondrial and chloroplast DNAs distinguishing N and S cytoplasms (Havey 1993 (Havey , 1995 Sato 1998; Engelke et al. 2003; Cho et al. 2006; Kim et al. 2009 ). Although these molecular markers do not shorten the generation time of onion, they represent a more judicious use of resources because only plants with known cytoplasms are used for crossing (Havey 1995) . In this research, we sequenced, assembled, and annotated the chloroplast DNAs from N and S cytoplasms of onion; compared their chloroplast DNA structure with those of eudicot tobacco and the monocots rice and orchid; and identified polymorphisms in chloroplast genes that distinguish these two cytoplasms. These cytoplasmic markers, coupled with single nucleotide polymorphisms (SNPs) tightly linked to the nuclear Ms locus (Havey 2013) , can be used to select individual plants using high-throughput genotyping platforms to aid in the development of male-fertile maintainer (N msms) and male-sterile (S msms) lines for the production of hybrid onion seed.
Materials and methods
Chloroplast DNAs were purified using percoll gradients (Eubel et al. 2007 ) from inbred lines of N-cytoplasmic (MSU611B, source 4414) and S-cytoplasmic (MSU611-1A, source 3405) onions (both the gift of Seminis Seed Company, Woodland, Calif., USA), and prepared for sequencing using the 454 FLX platform and protocols as recommended by the manufacturer (Roche, Branford, Conn., USA). The reads from one-quarter 454 plate each for N-and Schloroplast DNAs were assembled separately using the Newbler Assembler (Roche) version 2.5.3 and aligned to the plastid DNA of the orchid Oncidium 'Gower Ramsey' (GenBank accession NC_014056). Aligned reads were visualized using Tablet (Milne et al. 2013 ) and annotations completed using Dogma (Wyman et al. 2004) . Regions with poor annotations or alignments, often due to homopolymer runs, were identified in Tablet, and oligonucleotide primers were designed to amplify across the problematic regions. Amplicons were TA cloned into the pGEM-T Easy vector using the manufacturer's protocol (Promega, Madison, Wis., USA), Sanger sequenced (Sambrook and Russell 1989) , and aligned using Sequencer version 5.1 (Gene Codes, Ann Arbor, Mich., USA) to confirm the correct sequences. Differences between the onion chloroplast sequences and tobacco (NC_001879.2), rice (JN861110.1), and the orchid Phalaenopsis (NC_007499.1) were visualized using mVISTA (Frazer et al. 2004) .
SNPs were identified in the chloroplast DNAs of N and S cytoplasm by comparing aligned sequences in Tablet. Well-supported SNPs were chosen by requiring at least eight reads across the region carrying the SNP (mean number of reads were 40 and 67 for N and S cytoplasm, respectively) and at least 80% of the reads supporting a specific nucleotide in each cytoplasm. SNPs at the ends of sequence reads or near homopolymers were avoided. 
Seminis S a Six-digit numbers indicate plant introductions from the USDA germplasm collections.
b USDA and UW are the United States Department of Agriculture and University of Wisconsin, respectively, and are publicly released inbreds of onion. Seminis (Woodland, Calif., USA) is a vegetable seed company. Sequences flanking SNPs in chloroplast genes in the large (LSC) and small single copy (SSC) regions were analyzed by the Primerpicker software for the KASPar platform (LGC Genomics, Beverly, Mass., USA) to identify those conducive for genotyping. Oligonucleotide primers were synthesized and the onion populations listed in Table 1 were evaluated for these SNPs using KASPar; the cytoplasms of these onion populations were previously determined using restriction fragment length polymorphisms (RFLPs) (Havey 1997 ). An indel and SNPs resulting in polymorphic restriction enzyme sites that distinguish N and S cytoplasms were identified in chloroplast genes, and primers flanking these polymorphisms were designed to amplify the regions. For polymorphic restriction enzyme sites, the amplicons were subsequently digested with the appropriate restriction enzyme according to the manufacturer's (Promega) recommendations. Fragment size differences were resolved using 9% polyacrylamide gels, silver stained, and photographed.
Results and discussion
Sequencing, assembly, and annotation of the chloroplast DNAs of N-and S-cytoplasmic onions Statistics from 454 sequencing of chloroplast DNAs from N and S cytoplasms of onion are listed in Table 2 . The average sizes of reads were 399 base pairs (bp) for both cytoplasms, generating over 34 and 16 megabases of sequence for N and S cytoplasms, respectively. Sequences and annotations of these chloroplast DNAs are available from GenBank as accessions KF728080 and KF728079 for N and S cytoplasms, respectively. The onion chloroplast DNA is typical of most land plants with LSC and SSC regions separated by two inverted repeats (Havey 1991; Katayama et al. 1991) . The chloroplast DNAs of N and S cytoplasms are very similar in size (153 538 versus 153 355 bp, respectively) and GC contents (both at 36.8%), as well as sharing identical gene orders (Fig. 1) as expected given their close phylogenetic relationship. Fig. 1 . Annotation of the chloroplast DNAs of normal (N) male-fertile and male-sterile (S) cytoplasms of onion. LSC and SSC refer to the large and small single copy regions, respectively, and IRA and IRB are the two inverted repeats. Genes located on the inner side of the circle are transcribed in the opposite direction of those on the outside. Grey bars on the inside of circle indicate GC contents with the line representing 50%. Gene classes are indicated by boxes.
Size difference was primarily due to small indels in intergenic regions and a deletion of 45 bp in the accD gene of N-cytoplasmic onion relative to S cytoplasm (Fig. 2) , tobacco, orchid, and rice. In the intergenic regions, differences were observed of 99, 59, and 50 bp between trnL-UAA and trnT-UGU, psbM and petN, and rps16 and trnQ-UUG, respectively. For each of these regions, S cytoplasm had the shorter sequence. The indels between trnL-UAA and trnT-UGU were previously reported as totaling 111 bp for a different source of N cytoplasm (Havey 1995; Lilly and Havey 2001) ; however, Alcalá et al. (1999) and Terefe et al. (2002) reported that the chloroplast DNAs of N-cytoplasmic plants possesses size polymorphisms in this intergenic region. In agreement with Steele et al. (2012) for other members of the core Asparagales, trnH and rps19 were assigned to the inverted repeats in onion as opposed to the LSC region in tobacco. We observed significant annotation differences between onion and the orchids across the SSC region. Chang et al. (2006) , Wu et al. (2010) , and Pan et al. (2012) reported that the orchids Phalaenopsis, Oncidium, and Erycina do not possess functional subunits A, D, E, F, G, H, and (or) I of NADH dehydrogenase (nadh) in the SSC; however, our annotations revealed that these nadh subunits are full length and appear functional in onion (Fig. 1) , in agreement with annotations of these chloroplast genes in other members of the core Asparagales (Steele et al. 2012 ).
Polymorphisms in the chloroplast DNA distinguishing N and S cytoplasms
We identified 26 SNPs (Table 3 ) and one indel (Table 4 ) in 20 chloroplast genes that distinguish N and S cytoplasms (one of the SNPs in psbA (Table 3) was previously reported by Cho et al. (2006) ). Two of the chloroplast SNPs distinguishing N and S cytoplasms resulted in polymorphic sites for relatively inexpensive restriction enzymes (Table 4) . The indel and polymorphic restriction-enzyme sites are useful for classification of onion cytoplasms using gels as opposed to SNP-genotyping platforms. We evaluated these chloroplast polymorphisms across a sample of onion germplasms (Table 1) , previously classified as N or S cytoplasmic using RFLPs (Havey 1993 (Havey , 1997 , and observed complete agreement between the SNP, indel, polymorphic restriction site, and RFLP-based classifications.
The majority of onion populations possess N cytoplasm; S cytoplasm is likely an alien cytoplasm introgressed into onion in antiquity (Havey 1993 (Havey , 2000 . This alloplasmic origin of S cytoplasm is supported by numerous polymorphisms in the organellar DNAs distinguishing it from N cytoplasm (Havey 1995 (Havey , 2000 Sato 1998; Engelke et al. 2003; Kim et al. 2009 ). Although the genetic basis of CMS in onion is most likely associated with the mitochondrial DNA, maternal transmission of both organellar genomes means that polymorphisms in either the mitochondrial or chloroplast DNAs are useful to classify cytoplasms in onion (Havey 1993) . Polymorphisms in the chloroplast DNAs can be easier to detect because of the greater amounts of chloroplast DNA relative to mitochondrial DNA in leaf tissue. Chloroplast polymorphisms can be used to confidently identify S cytoplasm; however, they do not distinguish between N cytoplasm and the T-like male-sterile cytoplasms of onion (Havey 2000) . To confidently distinguish these more closely related cytoplasms, mitochondrial polymorphisms must be evaluated (Sato 1998 Similarities between the chloroplast DNAs from normal (N) male-fertile as the reference and male-sterile (S) cytoplasms of onion across the large single copy region as visualized by mVISTA (Frazer et al. 2004) . Annotated genes are displayed along the top. Right side shows percent similarities between chloroplast sequences from 50% to 100%. 
